Solid-liquid interfacial energies of chromium and nickel are estimated from a Gibbs-Thomson relation. Molecular dynamics simulation shows that there is a critical temperature dividing shrinking or growing of a freestanding spherical crystal in the undercooled melt and the critical temperature is negatively correlated with inverse of crystal radius, which is regarded as the Gibbs-Thomson effect. The solid-liquid interfacial energies are then estimated from the proportional coefficient, to be 0.304 Jm -2 for chromium and 0.256 Jm -2 for nickel, respectively.
Introduction
Solid-liquid interfacial energy is one of the key factors determining microstructure of casting metal and alloy since it affects growth velocity of the dendrite and its tip radius during solidification. 1) In the earlier time, Turnbull 2) measured nucleation rate at temperature near maximum undercooling in the small droplets of various metals and calculated the solid-liquid interfacial energy of various metals on the basis of the homogeneous nucleation theory. The values estimated by Turnbull have been used for many years as a standard of the solid-liquid interfacial energy. Moreover, Gündüz and Hunt 3) estimated the solid-liquid interfacial energy in the Al-Cu, Al-Si and Pb-Sn systems from the shape of grain boundary cusps of alloys obtained from annealing in a temperature gradient on the basis of GibbsThomson effect. Recently, Yasuda and coworkers 4) estimated the solid-liquid interfacial energy of the Sn-Bi alloy from the relation between tip radius and growth velocity of the dendrites for metallic alloys obtained from the in-situ observation of solidification process using synchrotron radiation X-ray. 5) Although these experimental works have contributed to accumulate a wealth of knowledge on the thermodynamic properties of the solid-liquid interface at high temperature, however, it is not straightforward to measure the solid-liquid interfacial energy at high temperature directly.
Therefore, theoretical and numerical studies have helped to interpret thermal and kinetic properties of the solid-liquid interface of metals and alloys. Especially, atomic simulation such as molecular dynamics (MD) method has contributed to understand the atomic behavior of the solid-liquid interface since it can trace atomic motion during solidification directly. For example, the kinetic coefficient of the solid-liquid interface has been estimated from MD simulations [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and these studies have given rise to a broad consensus about the anisotropy: the kinetic coefficient of the (100) plane is larger than those of the (110) and (111) plane for both fcc 7) and bcc metals. 8, 9) Regarding the solid-liquid interfacial energy, Broughton and Gilmer 10) and Davidchack and Laird 11) have employed the cleaving technique to estimate the excess free energy at the solid-liquid interface. Moreover, the capillary fluctuation method 8, 12, 13) has been employed for estimation of the solid-liquid interfacial energy from the capillary fluctuation spectrum of the roughness of the solid-liquid interface. Although these techniques have enabled the direct estimation of the solid-liquid interface from MD simulation, these are still some technical difficulty in these techniques. For example, many trials are needed to deal with the stable interface in the cleaving technique. Moreover, it is not easy to identify the solid and liquid atoms at the interface properly in the capillary fluctuation method to estimate interface stiffness, which relies on the criterion of one's choice. On the other hand, recent progress in the high performance computing has enabled MD simulation to treat a large system with more than hundreds of thousand atoms easily, which have provided a new technique for estimation of the solid-liquid interface using Gibbs-Thomson effect at curved interfaces. 9, 14, 15) For example, we have calculated the critical temperature dividing the growth and shrink of spherical crystals in the undercooling liquid with respect to particle size for iron system using Finnis-Sinclair (FS) potential 16) and revealed that the critical temperature was negatively correlated with the particle size, which was in line with the Gibbs-Thomson relation. 9, 15) Then, the Gibbs-Thomson coefficient and the solid-liquid interface of iron were successfully estimated to be 1.9 × 10 (1) where σSL is the solid-liquid interfacial energy and ΔT is the degree of the undercooling, ΔH is the latent heat, and TM is the melting point. The change in free energy with respect to radius is convex and takes maximum value at the critical radius r* as illustrated in Fig. 1(a) . The relationship between the critical radius and the degree of undercooling is derived from differentiation of the Eq. (1) (2) where Γ is the Gibbs-Thomson coefficient. Therefore, the solid-liquid interface can be derived when the Gibbs-Thomson coefficient, that is a correlation between the critical radius of the spherical particle in undercooled melt and the undercooling temperature, is estimated from the MD simulation directly. 9, 14, 15) In this study, this methodology is employed to calculate the solid-liquid interfacial energy of both the bcc (chromium) and fcc (nickel) metals using two different interatomic potential and the validity of the methodology is then discussed.
Simulation Methodology
The FS 16) and a long-range FS potential called SuttonChen (SC) 17) potentials were applied to describe the interaction between chromium and nickel atoms, respectively. The FS potential is one of the established potential for metals since it can reproduce the material properties despite its simple form. We have employed these potentials consistently in a series of calculations of the depression of the melting point of freestanding metal nanoparticles with respect to particle radius for both the bcc [18] [19] [20] and fcc metals 21) and confirmed a reproducibility of the linearity between the depression of the melting point and the particle radius properly. The total energy of the FS potential, E, is expressed in following equations: 5) , ....... (6) where Vij is the repulsive term, A is the binding energy, rij is the bond length between atoms i and j, ρ is the total electronic charge density at the site of atom i, which is constructed by the rigid superposition of atomic charge densities φ. The parameters are taken from the original work by Finnis and Sinclair 16) (Table 1) . Meanwhile, the total energy of the SC potential, E, is expressed in the following equation:
, ............... (7) where ε is the parameter with the dimension of energy and c is the positive dimension parameter. The repulsive term and total electronic charge density in the Eq. (9) where a is the lattice constant and the parameter n and m are positive integers with n > m. The parameters recomputed by Rafii-Tabar and Sutton 22) are employed ( Table 2) , which are fitted for the use of a cut-off radius of twice the length of lattice constant. As a simulation methodology of the MD ρ φ calculation, a leapfrog method was used to integrate a classical equation of motion with time step of 5.0 fs. The Berendsen thermostat 23) was applied to control the temperature for every step and the Andersen method 24) was applied for controlling pressure in each direction independently.
Results and Discussion
In order to estimate the solid-liquid interfacial energy from the Gibbs-Thomson effect, the growing and shrinking behavior of spherical crystals embedded in the undercooled liquid is calculated in the following manner. 9, 15) The initial configuration was prepared by inserting a solid nanoparticle in the melt. The solid nanoparticles were obtained by cooling freestanding liquid droplets from 3 000 to 0 K for chromium 19) and from 1 500 to 0 K for nickel 21) at a rate of 1 K/5 ps. The number of atoms in the nanoparticle varied from 1 024 to 16 000 (2n 3 : n = 8-20) for chromium and from 2 048 and 32 000 (4n 3 : n = 8-20) for nickel, respectively. The liquid cells were obtained by heating bcc crystal for chromium and fcc crystal for nickel at 3 500 K. The number of atoms in the cell filled with the melt varied from 8 192 to 128 000 (16n 3 : n = 8-20) for chromium and 16 384 to 256 000 (32n 3 : n = 8-20) for nickel, respectively. For each pair, the solid nanoparticle were inserted into the liquid cell, while omitting all liquid atoms located within 2.5 Å from a solid atom to avoid the unexpected proximity between liquid and solid atoms at the interface. The system was then quenched at 10 K for 2 ps to fill the gap between solid nanoparticle and liquid melt. The obtained structure was employed as the initial configuration of the main calculation.
Each initial configuration was then relaxed under zero pressure at various temperatures below the melting point. The relaxation was examined with a 10 K interval around the critical temperature. Figures 1(b) and 1(c) show the snapshots of cross-sectional view of the cell with solid nanoparticles consisting of 5 488 (r = 23.25 Å) and 8 192 atoms (r = 26.70 Å) during relaxation at 1 950 K. It was observed that the smaller nanoparticles shrunk and melted in the melt, whereas bigger one grew as a result of solidification. This behavior agrees with trend in the free energy with respect to particle size as illustrated in Fig. 1(a) . Therefore, it is expected that there is a critical radius dividing growth and shrink of the nanoparticle between 23.25 and 26.70 Å at this temperature. Figure 2 is a matrix showing the direction of growth or shrink as a function of temperature and the inverse of initial particle radius for chromium and nickel. All the spherical nanoparticle did not remain but grew or shrank, since the free energy of the system with respect to particle radius is convex and takes local maximum at the critical radius as illustrated in Fig. 1(a) . The critical radius should exist between the largest radius for shrink and the smallest one for growth and then it can be defined as the intermediate distance between them. On the other hand, there is a critical temperature dividing shrink and growth of the solid particle in the melt as the point of view of constant radius. Therefore, the critical temperature can be defined between the lowest melting and the largest solidification temperature in a similar way.
The critical temperatures were then summarized in the form of the undercooling temperature from the bulk melting point with respect to the inverse of initial particle radius in Fig. 3 . Here, the extrapolation temperature of the inverse of particle radius to zero 19, 21) was employed as the bulk melting point. The depression of the critical temperature from the bulk melting point was proportional to the inverse of the critical radius for both the case of the chromium and nickel, 3 . Depression of the critical temperature from the bulk melting point as a function of the inverse of the initial particle radius. Gray dots and black squares represent data for chromium and nickel, respectively. © 2011 ISIJ which agrees with the Gibbs-Thomson relation described above. However, depression of the critical temperature for nickel was not monotonic but had some fluctuation with decreasing particle radius, whereas that for chromium was monotonic with respect to the inverse of particle radius. This difference was also observed in the trend of depression of the melting point of freestanding nanoparticle with respect to particle radius between bcc and fcc metals, 19, 21) which was caused by the difference of the structure in the nanoparticles: single crystal for the bcc nanoparticles and polycrystal for fcc nanoparticles. 21) However, there was a negative correlation between depression of the critical temperature and critical radius for both metals as a whole. Therefore, the Gibbs-Thomson coefficient and solid-liquid interfacial energy can be estimated from the slope of the fitting line in Fig. 3 . The Gibbs-Thomson coefficients for chromium and nickel were estimated to be 3.19 × 10 -7 and 1.91 × 10 -7 mK, respectively. The solid-liquid interfacial energy were then calculated by substituting the latent heat (0.16 eV/atom for chromium 19) and 0.11 eV/atom for nickel 21) ) and melting point of the bulk system into the Gibbs-Thomson coefficient, to be 3.04 × 10 -1 J/m 2 for chromium and 2.56 × 10 -1 J/m 2 for nickel, respectively. These results are summarized in Table 3 . Several reference values from literatures estimated using different interatomic potentials and from Turnbull's experiments are listed for comparison. Properties of the iron are also listed for reference. It was confirmed that the solid-liquid interfacial energy of nickel estimated in this study is relatively close to the experimental values reported by Turnbull 2) and other values estimated from other numerical works. However, it is difficult to find the correlation among the values estimated from various interatomic potentials in this stage. We note that we have to be careful to interpret these results from a quantitative point of view since accuracy of the estimated values strongly depends on that of the interatomic potential.
Conclusions
In this study, the solid-liquid interfacial energies of chromium and nickel were estimated from a Gibbs-Thomson relation, which was found in the MD simulation on the growth and shrink of the solid particle in the undercooled melt. The validity of this methodology was then discussed by comparing the solid-liquid liquid interfacial energy of nickel obtained in this study with those from literatures estimated using different interatomic potentials and from Turnbull's experiments. It is significant in this study that we have proposed and validated a new methodology that can estimate the solid-liquid interfacial energy from Gibbs-Thomson relation, since the estimation of the solid-liquid interfacial energy has not been established. This methodology will enable the systematic survey of the solid-liquid interfacial energy for various metals including high melting point metals whose properties are difficult to be measured directly. In addition, further improvement of the interatomic potentials will raise the precision of the estimated value. 26, 27) b Turnbull 2) c Watanabe et al. 9) d Sun et al. 8) 
